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Desorption kinetics of H20, Hz, CO, and C02 from 
silica reinforced polysiloxane 

L. N. Dinh, M. Balooch 

Chemistry and Materials Science 

Lawrence Livermore National Laboratory, Livermore, CA 

ABSTRACT 

We performed temperature programmed desorption up to 500K on silica-reinforced 

polysiloxane in both solid and foamed forms (M9787 and M9750 respectively). Our data 

show that H 2 0  was the dominant desorbing species in both forms of silicone (on the 

order of 100 pg of physisorbed water and 900 pg of chemisorbed water per gram of 

polymer), which are expected to be very hydrophilic when dehydrated. Detailed studies 

of the TPD spectra of H 2 0  from the silicones and from the fumed silica fillers suggest 

that H20 molecules preferentially adsorbed on the surface of silica particles contained in 

the silicones with activation energies of desorption of 15 k 3 kcal/mol and 50 k 10 

kcal/mol. There was strong evidence of H2 desorption below 400K from the silicones. 

The equivalent concentration of H2 in the silicones was 0.44 pg of H2 per gram of 

silicone. Other species desorbing from the silicones were CO, and C02 with 

concentrations on the order of 2.5 pg, and 1.6 pg per gram of silicone and activation 

energies of desorption of 10 f 2 kcaYmoI and 9.5 k 1.5 kcal/mol, respectively. 



I. INTRODUCTION 

The M9787 silicone is composed of polysiloxane gumstock (67.6 weight %), fumed 

silica filler Cab-0-Si1 M-7D (2 1.6 weight %), precipitated silica filler Hi-Si1 233 (4 

weight %), and processing aid (6.8 weight %). The M9750 silicone used in our 

experiment has the same composition as that of the M9787, but with 50 % porosity. 

Silica occupies - 25 weight % in these silicones, and silica surfaces are well known to 

have a good affinity for water adsorption. Outgassing of water from these materials in a 

vacuum environment may be of some concern. In addition, the outgassing may change 

the nature of the silicdsilicone bonding, even possibly the mechanical behavior of the 

materials. In an effort to understand the mechanism through which water is incorporated 

into the silicone structures and to effectively control the water content in them, we have 

carried out experiments on the adsorption and desorption of water on silicones, 

particularly M9787 and M9750. The outgassing of other detected gases like H2, CO, and 

C02 from the silicones were also investigated. 

II. EXPERIMENTS 

380 pm thick M9787 and 1.0 mm thick M9750 (50% porosity) silicone sheets were 

cut with a scissor into square samples with dimension of roughly lcm x lcm. These 

samples weighted roughly 0.048 f 0.003 grams and 0.060 & 0.005 grams for the M9787 

and M9750 silicones, respectively. The square silicone samples were then coated on one 
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side with a few micrometer thick layer of ion-sputtered Au. Each sample was, next, 

envelopped in a Au foil with an opening of about 0.9 cm x 0.9 cm at one face such that 

the Au coated side of the sample was in contact with the Au foil (for a more uniform heat 

conduction over the entire back surface of the sample). In a typical experiment, the 

enveloped sample was held fixed, on the side, to a sample holder by ways of three 

mechanical clamps and transferred into an ultrahigh vacuum (W) chamber with a base 

pressure of 7.5 x Torr in the detector chamber) through a differentially 

pumped load lock. A type K thermocouple was inserted in between the sample surface 

and a clamp holding the Au envelope for temperature measurement. The detector 

chamber is equipped with a quadrupole mass spectrometer (QMS). The QMS is 

computer controlled and can be multiplexed to monitor four mass-to-charge ratios 

simultaneously. Temperature Programmed Desorption (TPD) experiments were usually 

Torr (3 x 

performed after the samples had been transferred into the UHV chamber for half an hour. 

During desorption experiments, the sample was positioned within 1 mm of the orifice (6 

mm diameter) of the detector chamber. In this position, the axis of the QMS was along 

the sample normal and the sample surface was 22 cm from the ionization chamber. 

Particle desorption was thermally induced by a tunsten filament on the back side of the 

sample holder. The heating of the sample was computer controlled at a linear rate of 2 

Wsec. The QMS was set up to detect positive ions and the signals produced by its 

electron multiplier were counted and stored in a computer. 

In the water adsorption experiment, the sample was first dehydrated by thermal 

anealing at 500K until no water desorption could be found in subsequent TPD spectra (up 

to 500K) collected after the sample has returned to room temperature. Next, the sample 
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was exposed to water vapor at predetermined pressures for given amounts of time. The 

water coverages at gven exposure conditions were, then, determined from the total 

amount of water desorbed from the corresponding TPD spectra in the 300K-500K 

window. 

JII. RESULTS & ANALYSIS 

Fig. 1 shows typical TPD spectra of M9787 samples. From the spectra, it is clear that 

water was the dominant desorbing species for temperature up to 500K. Here, the 

integrated H20 signal from 300 K-500 K is about 2 decades stronger than the combined 

signals from HZ, CO, and C02. The inset of fig. 1 shows the TPD spectra of H2, CO, and 

C02 on a more sensitive scale. Since the desorbed signals grew stronger with increasing 

temperature instead of being flat over the desorption temperature range, we believe these 

desorbed molecules originated from within the M9787 samples. 

The water desorption spectrum in fig. 1 could also be de-convolved into two spectra: I 

and I1 (fig. 2). The activation energies of desorption of water from each spectrum can be 

obtained from the following analysis. 

The rate of desorption from unit surface can be written as: 

do 
dt 

--= v , d  exp(- E, I RT) 

where n is the order of the desorption reaction, 0 is the surface coverage, u, is the rate 

constant, and Ed is the activation energy of desorption. All three kinetic parameters: n, 

u,, and Ed may be coverage dependent. 
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The differential approach involves the construction of an Arrhenius plot based on 

equation (1). This equation can be rearranged as: 

In(--) do = ln(u,o") - - Ed 

dt RT 
Or' 

RT 
The slope of the Arrhenius plot is: 

(3) 

d ( l /  T )  RT(  d o  , 
When Ed and u, are coverage dependent, the interpretation of the Arrhenius plot is not 

simple! Fortunately, Ed and u, are, generally, independent of cr in systems with low 

coverage and without absorbate-absorbate interaction. In this case, equation (4) 

simplifies to equation (2), and the slope of the Arrhenius plot is -Ed/R. For a single TPD 

experiment (no knowledge on the dependence of Ed and u, on CY), equation (4) can still 

be reduced to equation (2) if the term ddd(  1/T) is negligible. This condition holds well 

at the onset of the desorption curve, during which coverage drops by no more than ten 

percent of its initial value.' Fig. 3 shows the Arrhenius plots for the two deconvolved 

TPD spectra I and 11. The activation energies of water desorption obtained from the plot 

are 15 f 3 kcaVmol and 50 A 10 kcaVmol for spectra I and I1 respectively. Fig. 4 shows 

the TPD spectrum of water from fumed silica (Aerosil A-300) reported by Gun'ko's 

group.2 The similarities between the TPD spectra of H20 from M9787 and from fumed 

silica reported by Gun'ko et al. from 300K-5OOK suggest that HzO molecules 

preferentially adsorbed on the surfaces of silica particles contained in M9787. The first 
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desorption peak in each spectrum is seen at about 425K- 435K. Desorbed water 

molecules that had been hydrogen bonded to one another and/or to OH groups were 

mostly responsible for this desorption peak (n =1).2 The pre-exponential factor for this 

desorption process can be obtained from the intercept of the Arrhenius plot and are 4.3 x 

lo6 s-l and 8.1 x 105s-l for Gun’ko’s group and our group, respectively. These values are 

much less than the typical solid lattice vibrational frequencies (1 OS- 10 s ). This is 

another strong indication that these desorbed water molecules were not strongly bound to 

the surface of silica particles. Most of them were physisorbed on silica surfaces. For 

water molecules that had been formed by the breaking of Si-OH bonds and subsequently 

desorbed from the surface of silica particles (n = 2), the pre-exponential factors are 

expected to be much closer to surface phonon frequencies.2 Indeed, the pre-exponential 

factor for our deconvolved TPD spectrum I1 in fig. 2 was on the order of 107-5.2 x lo9 s-’ 

and is also in agreement with those obtained by Gun’ko’s group (107-10 s ). An 

excellent illustration of water and hydroxyl reactions on silica surfaces has been 

published by Feng’s group and is duplicated in this report as fig. 5.3 At T > 673 K, even 

H20 formation and desorption from isolated hydroxyl groups is possible according to this 

model. In Gun’ko’s report, higher temperature formation and desorption of water from 

hydroxyl groups happens in the following upward order: desorption from dense island of 

OH groups, from vicinal or twin OH groups, and finally from isolated OH groups. The 

activation energies of desorption in Gun’ko’s report are: 16 kcal/mol, 21-26 kcallmol, 27- 

4 1 kcal/mol, and 42-60 kcal/mol for water that are hydrogen bonded to one another 

and/or to surface silanol groups, that are formed from dense islands of OH groups, that 

are formed from vicinal or twin OH groups, and that are formed from isolated OH groups 

14 -1 

12 -1 
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repectively. The activation energies for desorption of water from our experiments agree 

fairly well with those reported most recently from fumed silica and hydroxylated silica 

~ u r f a c e . ~ - ~  There are published activation energies of desorption of water from silica 

surface that are in the range of 6-10 kca l /m~l .~ '~  The differences in the reported results 

have been explained in terms of effects of micropores, surface defects, and adsorbate 

interactions. 

experiments have measured interaction energies of 12- 18 kcal/mol for water on silanol 

surfaces, and that isosteric heat of adsorption measurements on quartz have also obtained 

adsorption energies of - 23 kcal/mol." 

4,7-10 It is interesting, however, to note that BET isothermal adsorption 

The activation energies of desorption for CO and C02 from M9787 were also 

measured to be - 10 k 2 kcal/mol and 9.5 k 1.5 kcal/mol. These values are smaller than 

the activation energy of water desorption from M9787, so it is expected that CO and C02 

in M9787 can be pumped away in a vacuum environment more easily than water. The 

pre-exponential factors for these desorption curves were in the range of lo5 s-'. Again, 

the low activation energies of desorption and pre-exponential factors from CO and C02 

molecules suggest that they were of physisorbed. The CO/H20, C02/€€20 and CO/CO2 

ratios are plotted in fig. 6.  There is no correlation between the water TPD spectrum and 

the CO or C02 TPD spectra. Unlike the case of CO and C02, the shape of the H2 TPD 

spectrum qualitatively follows that of water TPD spectrum. The H>/H20+ ratio is almost 

constant at about 0.04 from 400 K-500 K (fig. 7). The H;/H20+ ratio obtained by 

cracking water molecules under similar vacuum condition was 0.025 f 0.005. The 

higher H:/H20+ ratio obtained from the M9787 sample may be explained by the 

additional breaking of 2 Si-OH bonds to form Si-0-0-Si + H2 on the surface of silica, at 
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T> 400K. In any case, there was a strong correlation between the detected H2+ and H20+ 

above 400K. The H2/Hz0 ratio from 300K-400K was not flat, and actually had a peak at 

- 350K. This suggests an additional source of hydrogen with very low activation of 

endrgies of desorption from within the M9787 sample. This low activation energy 

desorption process have probably started below room temperature. Unfortunately, due to 

the non-exponential shape of the TPD spectrum from 300K-350K, the activation energy 

of desorption for this process cannot be measured. 

There are 1.5 x l O I 7  water molecules desorbed (by integrating the desorption rate of 

the TPD spectrum in fig. 2 over the temperature range of 300-500 K) from a typical 

M9787 sample, which weights 0.048 grams. Following the above argument that water 

molecules desorb mainly from the surfaces of silica particles embedded in M9787, and 

taking the shape of the TPD spectrum reported by Gun'ko et al. as our model for water 

desorption beyond 500 K, the total number of water molecules that can be desorbed (or 

formed and then desorbed from OH groups) in 0.048 grams of M9787 is - 1.5 x 10l8 

molecules. The total weight percent of water in M9787 deduced from our data is, then, 

on the order of 0.1 (0.01 for physisorbed water and 0.09 for chemisorbed water). Note 

that the value of 0.0 1 weight percent for physisorbed water serves only as a lower limit, 

since the sample has been pumped down for many hours before TPD experiment. And it 

will be shown later on that physisorbed water can be effectively pumped out in a vacuum 

at room temperature. Our most recent microbalance experiment suggested that the 

weight percent of physisorbed water 'in M9787 can be on the order of 0.4. 

Fig. 8 shows a plot of water coverage vs. exposure for a dehydrated M9787 sample. 

As mentioned previously, most water desorption and adsorption happen at the surfaces of 
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the silica particles scattered throughout the silicone matrix in M9787 samples. 

Therefore, in this plot, the exposure and the coverage are not defined conventionally as 

the number of water molecules that strike or desorb per unit surface area of the M9787 

silikone. The exposure, here, is defined as the number of water molecules that enter into 

a 380 pm x lcm x lcm box (containing suspended silica particles) with a square 

opening of 0.9 cm x 0.9 cm during the water exposure period. To an approximation, we 

can think of the silicone matrix as almost transparent to water molecules. We first 

converted the water vapor pressure, at which the sample was exposed to, into the number 

of molecules striking a unit entrance surface area per second (1 x lo6 Torr - 3.78 x 1014 

molecules.cm'2.sec-1- 1 monolayer. cm-2.sec-1), then multiplied this number with the 

exposure time and the total entrance area of the box to get the total exposure 

(monolayers). The coverage is defined as the number of water molecules desorbed from 

the actual surfaces of the suspended silica particles out of the box in the temperature 

range from 300 K to 500 K. The coverage was obtained experimentally by first 

multiplying the number of water molecules striking a unit surface area of the orifice in 

the detector chamber per second by the total entrance area of the box, then integrating the 

signals over the time period spent to ramp the sample from 300K to 500K. The sticking 

coeficient of water on the silica surfaces in dehydrated silicone sample is defined as the 

slope of the plot of coverage vs. exposure. This sticking coefficient was - 0.2 at low 

exposure level, but dropped quickly at higher exposure. Note that the actual sticking 

coefficient over the whole desorption range of water from silica ( up to 1000K) should be 

> 0.2 at sub-monolayer level of exposure. Dehydrated M9787 silicone and its derivatives 

are, thus, very hydrophilic. 
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Fig. 9 shows a typical TPD spectra of water from a M9787 sample (a), a similar 

M9787 sample which had been pumped in the ultrahigh vacuum chamber at a base 

pressure of 4 x lo-' Torr (9 x 10-'oTorr in the detector chamber) for 3 days (b), and a 

M9750 sample (foam) with similar weight which had been pumped down in a similar 

UHV environment for 5 days (c). Due to experimental dificulties, the actual desorption 

range for curves [b] and [c] were only from 360K-500K.12 Our experimental results 

verified that the water desorption rate in M9750 was not higher than that of M9787 with 

similar weight, given that the total surface area of a typical M9750 sample in our 

experiments was 4 times larger than that of a M9787 sample with similar weight. This 

observation is in consistent with a model involving water molecules desorbing from the 

surfaces of silica particles in M97xx silica-reinforced polysiloxane. It is also noted that 

the total number of water molecules desorbed (TPD up to 500K) from two similar 

M9787 samples can be different by more than a factor of 2, depending on how long the 

samples were pumped down in the ultrahigh vacuum chamber prior to TPD experiment. 

This observation suggests that physically adsorbed water molecules in M9787 can be 

effectively pumped out in a vacuum chamber at room temperature. In fact, if we replace 

-E& and vnon in equation (2) with the slope and the intercept of the Arrhenius plot for 

the deconvolved desorption spectrum I in fig. 2, it would be possible to predict how fast 

the physisorbed and the chemisorbed water molecules can be pumped out of the M9787 

based silicones in a good vacuum (assuming no readsorption of water molecules on 

silica surfaces). In fig. 10, we computed the weight percent of physisorbed water 

retained per gram of M9787 as a function of pumping time. From the plots, it is seen that 

most physisorbed water can be pumped out at room temperature in a reasonable amount 
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of time (60 hours). However, due to higher activation of energies of desorption, most 

chemisorbed water will retain in the sample after 100 years of pumping time at room 

temperature. 

, JY. CONCLUSION 

TPD experiments show that H20 desorbed from the surfaces of silica particles 

contained in the silicones with two different activation energies of desorption of 15 k 3 

kcaYmol and 50 k 10 kcaVmol. The sticking coefficient of water molecules on the 

dehydrated surfaces of silica particles in the silicones were higher than 0.2 at sub- 

monolayer exposure. The other desorbing species are H2 (below 400K), CO, and C02. 

The activation energies of desorption of CO and C02 were measured to be 10 f 2 

kcaVmol and 9.5 f 1.5 kcal/mol. The weight percentages of chemisorbed water, H2, CO, 

and C02 inferred from our TPD experiments were on the order of 0.09,0.00043, 

0.00017, and 0.000072. The weight percentage of physisorbed H20 can be on the order 

of 0.4. Based on the measured data, we have also shown that it is possible to pump out 

most of the physisorbed water at room temperature in a reasonable time scale, while most 

of the chemisorbed water would remain intact on the surface of the silica fillers even up 

to 100 years, if kept at room temperature. 
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Fig. 4: A typical TPD spectrum of H,O fiom fumed 
silica reported by Gun’ko’s group., The activation 
energies of desorption of water are: E, - 16 
KCal/mol, E, - 21 - 26 KCaVmol, E, - 27 - 4 1 
KCaVmol, E,- 42 - 60 KCaVmol 
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Fig. 5: Illustration of water and hydroxyl reactions on 
silica surfaces for two temperature regions (by Feng's 
group4 ): (a) at T > 400 O C ,  dehydroxylation and 
rehydroxylation; (b) at T < 400 "C, adsorption and 
desorption of H,O on hydroxyl group. 
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which had been pumped in the ultrahigh vacuum 
chamber at a base pressure of 4 x Torr (9 x 
10-lo Torr in the detector chamber) for 3 days [b], 
and fkom a M9750 sample (c) which had been 
pumped down in an UHV environment similar to 
the M9787 sample in curve [b] for 5 days. The 
spectra are shifted vertically for easy display. 
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